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Abstract 
The specific properties of microwaves have been used 
for a while in many applications. More particularly, the 
penetration through opaque media makes microwuves a 
convenient agentjbr non invasive testing, evaluatinn cold 
measurements. For example, industrial sensors have been 
developed, bused on the sensithrity of microwave 
propagation constant upon quantities of practical 
relevance, such as water contents, temperature or 
composition Sirndarly, microwaves have been considered 
for medical applications involving the detection of organ 
movements and changes in tissue water content [ I ] .  More 
particularly cardiopulmonary interrogation via 
microwaves has resulted in various sensors for 
monitoring ventricular volume change or movement, 
arterial wall motion, respiratory movements, pulmonary 
oedema, etc [2]. In all these applkations, microwave 
sensors peform local measurements and need LO be 
displaced for obtaining an image reproducing the spatial 
variations of a gi,ven quantity. The effective startirtg of 
microwave imaging techniques jor biomedical 
applications can be dated at the beginning of the SO'S, 
with the pioneer contribution of Drs E.Larsen cold 
J. Jacobi, from the Walter Reeds Ar,ny Institute. Using 
the water-immersion technique [3], the first transmission 
and tomographic images of biologiiul targets, such as 
perjiied organs, have been shown to offer promises 
thanks to their contrast nnd unexpect,?d spatial resoiution 
/4,5/. More recently, advances in i'he area of inverse 
scattering theory ,LWUI microwave technology have &e 
possible the devclopment of microwave imaging Gold 
tomographic instruments. This puper provides a review of 
such equiprnena developed at 2iupelec and UPC 
Barcelona, within the frame of successive French-Spanish 
PICASSO cooperation programs. I! reports the most 
significant results and gives some perspectives for future 
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developrnents. In u first part, a brief historical survey will 
be given. In the following, both technological and 
numerical aspects will be considered. The results of 
preliminary pre-clinical assessments and in-lab 
experiments will allow 1'0 illustrate the capabilities of the 
existing equipment, as well as its difficulty in dealing 
with clinical situations. Finally, some remarks on the 
expected development of microwave imaging techniques 
for  biomedical applications will be given. 
Reconstruction ~ l g o r ~ t h m ~  
The main difficulty in producing microwave images of 
quality was to compensate for complex diffraction 
mechanisms. Two classes of approaches have been, and 
are still, used. The fint  one tries to take profit of 
available efficient reconstruction algorithms used with 
X-ray CT. X-rays propagate along linear paths, and 
using these algorithms in a diffraction situation requires 
to eliminate multipath contributions between the 
transmitter and the receiver. This has been achieved by 
using time spectrometry which adlows, thanks to a 
convenient time windowing, to isolate the shortest path 
corresponding to almosii straight line propagation [6,7]. 
To some extent, this fimt approach consists in  a hardware 
attempt to compensate the effects of the scattering 
phenomena. In the second approach, on the contrary, the 
scattering mechanisms are formally taken into account in 
the reconstruction process, more or less rigorously. 
Indeed, two main approaches can be considered. The first 
one neglects multiple scattering in the target. This 
approach, imported froan ultrasound imaging techniques 
[8], is known as diffraction tomography. Such a low- 
diffraction assumption allows to linearize the inverse 
scattering problem, in that sense that the scattered field 
data are linearly related ito the equivalent currents induced 
in the target by the interrogating beam. The 
reconstruction can be easily performed by using efficient 
Fast Fourier Transform algorithms, which can be viewed 
as a generalization of Fourier transform algorithms used 
with X-ray CT. Consequently, this approach is very 
efficient under the computational aspect and is particularly 
well suited for real time operations. However, the spectral 
processing neglects the evanescent part of the scattered 
field, and, as a result, the spatial resolution is limited to 
one half wavelength. Furthermore, this approach does not 
allow for quantitative imaging, because the reconstructed 
induced currents depend both on the local properties of 
tissues and on the total local field which varies within the 
target. The images obtained with diffraction tomography 
algorithms only reproduce the shapes of structures 
exhibiting low dielectric contrast, as for ultrasound 
echotomography in the case of soft tissues. The second 
approach, on the contrary, is able to provide quantitative 
images, even for high contrast targets. The images can be 
calibrated in terms of complex permittivity. With respect 
to previous diffraction tomography, the price to pay is 
very significant at the computation level. Indeed, an exact 
inversion of the scattering problem needs to iteratively 
solve a non-linear equation for the dielectric contrast. 
Figure 1 shows a flow chart of the iterative reconstruction 
algorithm. 
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Figure 1: Principle of the quantitative 
reconstruction of the dielectric contrast 
by means of a non-linear iterative 
technique 
At each step of the iterative process, the measured 
scattered field is compared to the scattered field calculated 
from a numerical model. The permittivity contrast of the 
model is progressively adjusted by minimizing the error 
between measured and calculated scattered fields. To this 
end, the permittivity contrast is updated by inverting an 
ill-conditioned linearized sensitivity matrix relating the 
contrast update to the scattered field error. Such an 
approach, equivalently known as Distorted Born Method 
(DBM) [9] or Newton Kantorovitch Technique (NKT) 
[lo], has been developped at the end of the 80’s and has 
been shown to be able to deal with high contrasted 
structures. The computational load does not allow yet for 
real time reconstruction, however, parallel computers are 
expected to significantly improve the situation from this 
aspect [ 1 11. An interesting feature of iterative techniques 
is that the spatial resolution is not so strictly related to 
the wavelength, as it is for diffraction tomography, just 
because evanescent waves are fully included in the 
formulation. Consequently, spatial resolutions comprised 
between one fifth and one tenth of the wavelength are 
possible to obtain, according to the available 
experimental and numerical signal to noise ratios. 
Equipment 
Two kinds of equipment for biomedical applications 
have been considered, differing from the geometry of the 
transmitterheceiver arrangement. Both have been designed 
for operation according to a transmission mode in water, 
at a frequency of the order of 2 GHz. Such a frequency 
provides a satisfactory optimization between a desired 
investigation depth of about 20 cm, and a spatial 
resolution comprised between 5 and 10 mm. The first 
one, developped at Supelec, consists of a planar 
microwave camera operating at 2.45 GHz 1121 
(Figure 2). 
Figure 2: Planar microwave camera 
The receiving antenna array covers a square surface of 
22 by 22 cm. The biological target, immersed in water, is 
illuminated by a microwave collimated beam produced by 
a lens-corrected horn and can be rotated around a vertical 
axis to obtain multiviewing. The field scattered by the 
target is measured by means of an array of 32x32=1,024 
short dipoles loaded by PIN diodes and operated according 
to the modulated scattering technique. Until the beginning 
of 1998, the acquisition time for a projection was equal to 
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1 s. As explained later, a time reduction by a factor 10 
has been recently obtained. The second equipment, 
developped at UPC Barcelona, is a circular scanner 
operating at 2.33 GHz [13] (Figure 3). 
Figure 3: Circular microwave scanner' 
The Transmit/Receive array consists of 64 multiplexed 
horns distributed on a 25 cm radius circle. When one of 
these horns is transmitting, the 33 opposite horns ,are 
used for reception. The acquisition time is about 3s. 
Results 
The microwave camera has been initially designed for 
non-invasive thermometry (NIT) purposes during 
hyperthermia session's [ 14,151. The idea was to take profit 
from the significant temperature sensitivity of the 
dielectric constant iri order to image deep temperature 
gradients [ 161. Indeed, hyperthermia is demanding for an 
accurate control of the temperature distribution in the 
heated tissues. Such a control is impossible to obtain in 
case of deep seated tumours, except with invasive 
thermometric probes. This explain the until now open 
area for non-invasive thermometry, where microwaves has 
mainly to compete with NMR imaging techniques. By 
the way, retrieving the temperature from the dielectric 
constant is not so easy, due to the non stationary aspect 
of living tissues. The temperature coefficient depends not 
only directly on temperature, but also on thermal induced 
thermoregulatory processes. Preliminary experiments 
conducted on phantoms, isolated organ;; and volunteers 
[ 17,181 have confirmed the significant sensitivity of 
microwave images with respect to tempmature and blood 
flow rate. Some pre-clinical assessments have been 
engaged in various applications involving thermal effects 
or vasculatory damages. This has been the case for 
inflammatory processes resulting from organ rejection 
after transplant, and for fibrosis after therapeutic or 
accidental irradiation. The high sensitivity to water 
content has led to investigate the monitoring and 
localization of lung water content. In all these trials, 
microwave images have been shown to be non 
completely compatible with clinical requirements, for 
both insufficiently accurate reconstruction via diffraction 
tomography, and for experimental difficulties, related for 
instance to the need for waterbolluses. Furthermore, the 
time required for reconstructing images was too long for 
obtaining interactivity beitween operator and equipment. 
However, very recently, the microwave camera has been 
made compatible with real time constraints. Images can 
now be produced at the rate of more than 10 images per 
second, which is enough for most biological 
processes. Such real time capability has suddenly renewed 
the interest for this imaging equipment which is 
particularly well suited for gaining experience in 
observing dynamically in1 eractions of living structures 
with microwave beams. For instance, images such as this 
given in Figure 4 can be observed in real time, while the 
hand is moved. A video tape has been prepared for this 
purpose. 
Figure 4: Microwave image of a human 
hand. Mono-view reconstruction with a 
diffraction tomography algorithm 
The microwave scanner has been developped for the 
objectives which have been already described [ 19,20,21], 
but in addition to brain imaging [IS]. Many, 
investigations have been conducted on phantoms and 
volunteers. Initially, the reconstructions were performed 
by using diffraction tomalgraphy algorithms, with the 
difficulties associated to imaging biological structures 
with high dielectric contrast. Fortunately, the 
development of iterative reconstruction algorithms has 
open the way to quantitativc imaging. The data obtained a 
few years before have b e n  successfully processed for 
retrieving the complex permittivity of a human fore-am 
[lo]. For the sake of comparison, Figure 5 allows to 
compare the results obtained from the same set of 
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experimental data with i) diffraction tomography and designed to improve the uniformity of the field 
ii) an iterative approach. distribution in the microwave interrogation beam and to 
Figure 5: Human for 
from the microwa 
‘e-a r m reconstructed 
Ive scanner data: 
allow to operate with two orthogonal polarizations. Such 
a polarization diversity will significantly contribute to 
improve the image quality and the interpretation 
capability of microwave images. 
The second trail to be followed is the development of a 
new generation of microwave scanner, fitting as much as 
possible contradictory requirements such as improving the 
image quality while decreasing the equipmenthlgorithm 
complexity. Designed for whole body operation, the 
scanner consists of a 60 cm diameter circular array of 64 
printed, H-type, antennas (Figure 6). 
linear diffraction tomography (left) 
and non-linear iterative technique (right). 
It can be seen that diffraction tomography just provides 
the external contour of the arm but does not provide any 
information on the arm inner structure. On the contrary, 
the image obtained from the iterative algorithm clearly 
shows the bone and muscle structures, with image levels 
corresponding to the expected dielectric contrast for these 
tissues. It is worth noting that diffraction tomography 
processing provides the external contour of the target 
which can be efficiently used for initiating the iterative 
process. Extensive trials with calibrated samples of 
known permittivity have allowed to confirm the 
robustness of the reconstruction process with respect to 
noise and its stability versus various parameters of 
Figure 6: Architecture of the 434 MHz 
scanner under development 
experimental or numerical orders, especially versus the a 
priori information [221. One major difficulty in using this 
rigorous approach is to reduce as much as possible the 
model noise, by using a numerical model reproducing as 
closely as possible the configuration of the experimental 
setup. 
Perspectives 
The experience gained with the 2.45 GHz planar 
camera and the 2.33 GHz scanner, as well as the recent 
advances in iterative reconstruction techniques have led to 
consider two distinct ways of developing the microwave 
imaging activities at Supelec and UPC Barcelona. The 
first one aims to still increaqe and exploit the real time 
capabilities offered by the planar microwave camera. 
Actually, the most time constraining task is the 
acquisition of the scattered field data. This constraint will 
be drastically reduced by considering a parallel, instead of 
a sequential, modulation scheme of the 32x32 antenna 
array. As a result, the acquisition time will be reduced by 
factor 1,000, or less but with a better signal to noise 
ratio. In addition, a new transmitting antenna will be re- 
Such a fixed antenna array is expected to drastically 
improve the results already obtained with an early version 
of scanner, using mechanical movements of transmitting 
and receiving antennas [23]. The new spatial resolution 
capabilities of iterative techniques have impacted the 
choice of the operating frequency, which has been 
decreased down to 434 MHz. Decreasing the frequency 
reduces the propagation losses in water and tissues, and 
allows to perform some oversampling with respect to 
standard sampling rules. One new difficulty resulting 
from the decrease of the frequency is that the scanner 
environment must be more carefully taken into account. 
More particularly, the array of antennas and its supporting 
frame become more visible. While first reconstructions 
from the 2.33 GHz microwave scanner data were 
performed in “free-space”, it is no longer possible, at 
434 MHz, to neglect the scanner boundaries for a 60 cm 
diameter whole-body configuration. The reconstruction 
process is more complicated than in free-space [24,25]. 
The development of this new scanner will take profit of 
the computation power reinforcement resulting from the 
use of a parallel computer. Systematic investigations 
have been conducted at the European Centre for 
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Parallelism of Barcelona (CEPBA) which is equipped 
with a SGI 02000 of 64 MIPS RlOOOO processors and 
has a theoretical peak performance of 25 Gflops/s. Such 
an efficient computation tool is currently used for 
optimizing the equipment performancekomplexity ratio. 
For instance, Figure 7 shows how the: image quality is 
changing when less and less receiving antennas are 
effectively used in the reconstruction process. 
Conclusion 
From the beginning of the ~ O ’ S ,  microwave imaging 
techniques for biomedical applications have been 
drastically improved. It can be observed that an increasing 
number of research groups are devoting their activity to 
this more promising than ever topic [e .g.26,27,28,29,71. 
Various assessments conducted with preliminary 
equipments have confirmed the sensitivity of microwave 
images to factors of medical relevance. Even if 
operational and clinical efficacy is not yet achieved, at 
least the different !steps for succeediing are now well 
identified. The solutions are almost already to hand, and 
the problem is urtdoubtedly more of financial than 
technical order. Indeed, without a significant development 
effort, microwave irnaging techniques will still have to 
wait a long time belore being recognized and accepted by 
their potential users. 
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